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INTRODUCTION
Coronary computed tomography angiography (CCTA) has been widely used as a valuable diagnostic imaging modality for the noninvasive assessment of coronary artery disease (CAD). It has become a reliable and accurate modality to assess the coronary arteries of patients with suspected CAD.
(1) Previous studies have found that retrospective electrocardiography (ECG)-gated CCTA provides high sensitivity (range 86%-99%) and specificity (range 89%-100%) for coronary artery stenosis, and also results in high negative predictive values (NPVs; range 96%-99%). (2, 3) Prospective ECG-gated CCTA also promises high sensitivity (range 93.7%-100.0%), specificity (range 82.7%-97.0%) and NPV (range 95%-98%) in the assessment of CAD. (2, 3) Although high diagnostic accuracy is achieved with both retrospective and prospective ECG-gated CCTA for detecting CAD (Fig. 1) , the radiation doses associated with these two cardiac examinations are significantly different due to the different approaches used for coronary artery scanning.
It is well known that CCTA with retrospective ECG gating leads to high radiation doses of up to 31.4 mSv since volumetric data of the heart is acquired during continuous scans in this modality, although only a portion of the data is used for reconstruction. (4, 5) In contrast, with exposure taking place at selective phases of the cardiac cycle in patients with low and regular heart rate, prospective ECG triggering is associated with very low radiation doses, which indicates a significant reduction in effective doses of up to 87%. (6) Several studies that used prospective ECG-gated CCTA have reported significantly reduced radiation doses. (7) (8) (9) (10) (11) (12) However, the diagnostic image quality of prospective triggering in the assessment of coronary arteries or CAD has not been systematically studied. Therefore, the purpose of this study was to investigate previous studies that assessed the coronary artery using prospective ECG-triggered CCTA for the detection of CAD, in terms of image quality and radiation dose via a systematic review of the current literature.
METHODS

Literature search
A search was conducted of the English literature in the MEDLINE, and 'image quality/diagnostic value of CT coronary angiography'.
Eligible articles were identified and selected based on the following criteria: (a) CCTA was performed while using prospective ECG gating in the study; (b) information on qualitative and quantitative image quality assessments was provided in each study; and (c) the radiation dose associated with CCTA, inclusive of effective dose value, was provided in each study. Case reports, phantom studies, review articles, as well as studies involving paediatric patients or patients who had previously received treatment (coronary stents or bypass grafts), were excluded from the analysis.
Coronary computed tomography angiography with prospective electrocardiography triggering: a systematic review of image quality and radiation dose A formal consensus method based on the Quality Assessment of Diagnostic Accuracy Studies (QUADAS) was used by an investigator for quality assessments of the diagnostic accuracy of the studies identified (Table I) . QUADAS is regarded as an important tool for the quality assessment of systematic reviews, as it enables the development and evaluation of evidence-based quality of individual studies in terms of the potential for bias, lack
of applicability and quality of reporting. and (d) patient demographics such as number of patients, age, body mass index (BMI) and heart rate. The effective dose was recorded for each study as a variable in our review. Effective doses were calculated from the data available in the original reports.
Calculations were based on dose-length product (DLP), which was obtained from the CT scanning protocol of each CCTA study. DLP was multiplied with a conversion coefficient factor (CC), which was 0.014 or 0.017 mSv.mGy-1.cm-1, based on the average of the male and female anatomical phantoms. (14, 15) The quantitative and qualitative assessments of diagnostic image quality recorded in each study were analysed. Information regarding image quality assessments was analysed for four different manufacturers (Siemens, Philips, Toshiba and GE) and various types of scanners (64-, 128-, 256-and 320-slice CT). Quantitative image quality was determined by measuring signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) for comparisons among the studies. SNR was calculated as the mean Hounsfield unit (HU) of a particular region of interest divided by the image noise.
CNR was defined as the difference of attenuation values between contrast enhancements at two different regions (e.g. left ventricular chamber and left ventricular wall) divided by the image noise.
Image noise was defined as the standard deviation (SD) of HU measured at the selected anatomical region.
Qualitative assessment of image quality was carried out on a per-segment basis using a 3-5-point Likert rank-scale. The coronary segments were analysed, and the results were documented and categorised in terms of the percentage of assessable and nonassessable coronary segments. Coronary segments were subsequently classified based on the descriptions of each score in the Likert rank-scales of the original studies. The coronary arteries were characterised into 15-19 segments according to the classification of the American Heart Association (AHA). (16) The extent of stenosis was evaluated in each segment, and > 50% 
Statistical analysis
Data were analysed using the Statistical Package for the Social Sciences for Windows version 19.0 (SPSS Inc, Chicago, IL, USA).
The assessment of image quality for each study was extracted and analysed using analysis of variance (ANOVA) for multifactorial mean comparisons. The radiation dose was also compared between the scanner types (dual source vs. single source 64-, 128-, 256-and 320-slice CT) using ANOVA. A p-value of < 0.05 was considered statistically significant.
RESULTS
Our search of the abovementioned databases identified 12,670 studies, out of which 23 articles met the selection criteria and were included in the analysis (Table II) . (2, (5) (6) (7) (8) (9) 14, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) The attrition diagram for our study depicting the search process is shown in Fig. 2 Table III .
Systematic review of image quality associated with prospective ECG-triggered CCTA
Quantitative image assessments were performed in only four of the 23 studies selected. (9, 19, 26, 27) The mean SNR of these four studies was 20.9 (95% CI 11.7-28.6) while the mean CNR was 18.0 (95% CI 5.2-22.2). There was no significant difference between the SNR and CNR values of these studies. SNR and CNR were measured at the proximal segment of the right coronary artery and in the left main coronary artery, left ventricular wall and left ventricular chamber, (19) the root of the ascending aorta, (27) ascending aorta, pulmonary artery and coronary arteries, (26) and ascending aorta and perivascular fatty tissue. (9) Qualitative image quality evaluations could not be analysed due to the limited number of studies that provided relevant information. Only one study used a single viewer for image quality evaluations. (20) Among the other 22 studies, 15 assessed interobserver agreement using the Cohen's kappa statistic (mean 0.8, 95% CI 0.6-0.9), indicating excellent agreement between two viewers in these studies. (2, (7) (8) (9) 19, (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) Two studies used consensus reading. (21, 22) However, pertinent information was not available in the remaining five studies that met our selection criteria. (5, 6, 14, 17, 18) A Likert rank-scale point score system was used in all studies to indicate the evaluability of the coronary segment. Two studies were conducted using a three-point scoring system, (14, 17) which indicated image quality in terms of 'excellent', 'moderate' and 'poor' (Fig. 3) . Two other studies employed a five-point scoring scale to describe image quality, but defined these five points variously. (8, 26) Hosch et al described image quality as 'excellent', 'good', 'moderate', 'poor' and 'extremely poor', (8) while Muenzel et al defined the same in terms of 'excellent quality', 'good quality', 'mild artefacts', 'severe artefacts' and 'non-evaluable' (Fig. 4) . (26) The remaining 19 studies used a four-point scoring system that described image quality as 'excellent', 'good', 'moderate' and 'poor' (Fig. 5) . The distribution of each coronary segment is presented in Fig. 3 . The coronary segments were all analysed and classified into two broad groups -assessable vs. nonassessable segments -based on their respective score descriptions in the face of these studies using different scoring systems.
A total of 26,620 coronary artery segments were evaluated in the 23 studies selected. Overall, a mean percentage of 96.8%
(95% CI 83.0-100.0) of segments were assessable, while 3.2% were nonassessable (Table IV) . There was no statistically significant difference in the mean percentage of assessable coronary segments among the various types of scanners used (p = 0.76). The mean percentage of assessable coronary segments in studies using 64-slice single-source CT (SSCT) and dual-source Of the 23 studies analysed, information pertaining to the evaluation of sensitivity, specificity, PPV, NPV and accuracy for coronary artery stenosis was available in five studies. (2, 5, 19, 25, 31) Pooled estimates were determined in these five studies for patient-based assessments (sensitivity 98.3% [95% CI 96.0-100.0]; five studies focused on the location of stenosis and coronary vessel involvement. (7, 19, 22, 26, 31) A comparison of data could not be performed among these five studies, as they used divergent methods of analysis, although the sensitivities for detecting stenosis on vessel-based (sensitivity 89.3%) and segment-based (sensitivity 89.8%) assessments were found to be lower than that on patientbased assessment (sensitivity 98.3%). 95% CI 2.9-5.6) was higher in patients with BMI > 25 kg/m 2 than those with BMI < 25 kg/m 2 (3.1 mSv; 95% CI 2.3-3.9). However, there was no statistically significant difference between these two groups of patients (p > 0.05).
Systematic review of radiation dose associated with prospective ECG-triggered CCTA
Several techniques were found to have been introduced in some studies to further reduce radiation doses. One study was conducted with high pitch values so that the effective dose was less than 1.0 mSv. (7) In other studies, applying a high field of view (FOV > 250 mm, 4.8 mSv vs. FOV < 250 mm, 3.9 mSv) (26) and lowering the tube voltage to 100 kVp (100 kVp, 2.7 mSv vs. 120 kVp, 3.9 mSv) (7, 9, 14, 18, 21, 22, (29) (30) (31) (32) led to reductions in radiation doses.
DISCUS SION
Our analysis highlights two findings that are of considerable importance for the clinical application of CCTA with prospective Fig. 3 Box plot shows the number of coronary segments assessed in studies on CCTA with prospective ECG gating that used a three-point scoring system to evaluate image quality (n = 2).
Fig. 4
Box plot shows the number of coronary segments assessed in studies on CCTA with prospective ECG gating that used a five-point scoring system to evaluate image quality (n = 2).
Fig. 5
Box plot shows the number of coronary segments assessed in studies on CCTA with prospective ECG gating that used a four-point scoring system to evaluate image quality (n = 19).
ECG gating in patients with CAD. Firstly, our review found that a high percentage of assessable coronary segments was achieved regardless of the type of scanners used. Secondly, prospective ECG-gated CCTA demonstrated high sensitivity, specificity, NPV, PPV and accuracy for detecting CAD while achieving significantly lower radiation doses.
In this review, an evaluation of the subjective image quality assessments of the studies analysed found that 96.8% of the coronary segments were assessable and the number of nonassessable segments reported with prospective ECG-gated CCTA was very small. This finding may indicate that targeting patients with appropriate heart rates depending on the type of scanner and scanning technique being used in a study might help to reduce the rejection of coronary segments.
Beta-blockage is routinely recommended as a prerequisite prior to scanning in order to lower heart rates and improve diagnostic image quality, (33) as heart rate is a key factor in determining image quality. For instance, Ko et al reported recently that the percentage of nonassessable coronary images increased significantly with heart rate > 57 bpm and heart rate variability > 6 bpm. (24) On the other hand, according to Xu et al, image quality acquired using DSCT with prospective ECG gating was diagnostic even in patients with heart rates > 65 bpm. (32) Similarly, a metaanalysis of 24 studies showed that DSCT coronary angiography had high sensitivity and specificity for CAD, especially in patients with high heart rates. (34) Our results were consistent with these reports, as we too found that assessable segments in studies using DSCT coronary angiography were higher than those in studies using SSCT coronary angiography, although the difference was not statistically significant.
Prospective ECG-triggered CCTA using DSCT was performed in half of the studies analysed and included patients with heart rates > 65 bpm. However, in studies that used other types of multislice CT scanners (64-, 256-or 320-slice), patients' heart rates were < 65 bpm in nearly 90% of the reports. DSCT improves temporal resolution to 83 msec (75 msec for second generation of DSCT), which is vital in patients who have contraindications for β-blockers. Further studies comparing DSCT with SSCT coronary angiography using prospective ECG gating will be required to confirm the diagnostic accuracy of DSCT.
In response to the general concern for the high doses of radiation associated with CCTA, various dose-saving strategies were found to have been introduced in the literature, with the (3, (35) (36) (37) Although the present analysis did not focus on studies using retrospective ECG-gated CCTA, radiation dose reports from previous studies confirm that effective doses were significantly reduced by prospective ECG gating (3.6 mSv) when compared to retrospective ECG gating (18) (19) (20) (21) (22) (23) (24) . (23, 38) Several other studies on radiation doses also indicate that prospective ECG-gated CCTA leads to a dose reduction of up to 83% when compared to retrospective ECG gating. (25, 29, 39, 40) We found that the effective dose in studies on prospective ECG-gated CCTA was even lower than that reported in a previous study on invasive coronary angiography (5.6 mSv). (41) Application of high pitch values and lower tube voltages during prospective ECG-gated CCTA could further reduce radiation dose to < 1 mSv. (7, 42) We found that DLP was a more objective measure for characterising studies on CCTA than effective dose, as the variability observed in DLPs from different studies was striking.
Median DLP in studies with the highest doses was over two times that in studies with the lowest doses. This was especially apparent in 64-slice SSCT studies, where CT doses were in the range of 130-541 mGy.cm. CCTA may therefore be associated with a significantly higher or lower effective dose than standard invasive coronary angiography, depending on how CCTA is performed. DLP represents most closely the radiation dose received by an individual patient, and for that reason, may be used to set reference values for a given type of CT examination in order to ensure that patient doses during the procedure are as low as practically possible. We recommend that DLP be recorded for each study on CCTA and serve as the cornerstone of all quality assurance efforts. (43) The principle behind prospective ECG triggering is that data acquisition only takes place during the selected cardiac phase, where the X-ray tube is only selectively turned on when triggered by an ECG signal and turned off or dramatically lowered during the rest of the R-R cycle. This technique is limited to heart rates < 70 bpm or 65 bpm. In addition, ECG-triggered sequential scans are usually restricted to scanning with nonoverlapping adjacent slices or slice increments with only small overlaps.
The scan time needed to cover the heart volume is thus directly proportional to the slice increment. Consequently, as prospective ECG triggering places high demand on the z-axis coverage, it is usually performed using 64-slice or higher slice scanners. The presence of misalignment due to image acquisition occurring over the 4-5 heart beats that are needed to cover the entire heart using 64-slice CT is an example of this limitation. This shortcoming can be overcome using the latest 320-slice CT scanners that can cover the cardiac volume in a single heartbeat. (44) Some limitations exist in this review. Firstly, all the studies analysed lacked objective assessment. Only 17% (4/23) of the studies provided details on quantitative assessment of image quality. In contrast, subjective image analyses were reported in all the studies. Our selection criterion that every study necessarily provides a subjective image quality assessment limited the number of studies that could be included in our review. As a single viewer conducted image quality assessment in one study, it is possible that the evaluation of image quality in this study might have been subject to some bias, and this may have implications on the scoring of coronary artery segments in our analysis.
However, image quality assessments in a majority of studies (96%) were performed by two viewers with good interobserver agreement. Secondly, limited information was available on diagnostic accuracy in our analysis. We suggest that investigations of the diagnostic value of prospective ECG triggering be conducted in future studies with large patient populations. Finally, publication bias may have played a role in our results, as only articles in the English literature were included in our study.
In conclusion, this systematic review shows that prospective ECG-triggered CCTA provides high diagnostic image quality with high diagnostic accuracy for detecting coronary artery stenosis.
Prospective ECG-triggered CCTA protocols produce a significantly lower radiation dose compared to retrospective ECG-gated CCTA.
